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Abstract. Understanding the magnetic behaviour of multisegmented nanowires
(NWs) is a major key for the application of such structures in future devices.
In this work, magnetic/non-magnetic arrays of FeCoCu/Cu multilayered NWs
electrodeposited in nanoporous alumina templates are studied. Contrarily to most
reports on multilayered NWs, the magnetic layer thickness was kept constant (30 nm)
and only the non-magnetic layer thickness was changed (0 to 80 nm). This allowed
us to tune the interwire and intrawire interactions between the magnetic layers in
the NW array creating a three-dimensional (3D) magnetic system without the need
to change the template characteristics. Magnetic hysteresis loops, measured with the
applied field parallel and perpendicular to the NWs’ long axis, showed the effect of
the non-magnetic Cu layer on the overall magnetic properties of the NW arrays. In
particular, introducing Cu layers along the magnetic NW axis creates domain wall
pinning nucleation that facilitate the magnetization reversal of the wires, as seen by
the decrease in the parallel coercivity and the reduction of the perpendicular saturation
field. By further increasing the Cu layer thickness, the interactions between the
magnetic segments, both along the NW axis and of neighbouring NWs, decrease, thus
rising again the parallel coercivity and the perpendicular saturation field. This work
shows how one can easily tune the parallel and perpendicular magnetic properties of
a 3D magnetic layer system by adjusting the non-magnetic layer thickness.
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1. Introduction
One-dimensional (1D) nanomaterials have been investigated during the past decades
focusing on the miniaturization of devices. In particular, 1D nanowires (NWs) have
attracted attention due to their application in novel fields such as biomedicine [1, 2],
spintronics [3, 4] or multifunctional devices [5, 6]. For example, multisegmented NWs
offer the possibility of using each magnetic domain as a storage bit [7, 8]. In addition,
multisegmented NWs are a key component in the development of remote-controlled
microbots [9, 10].
Template-filling by electrodeposition provides us with a unique method to fabricate
multisegmented NWs with precise control of their diameter, interwire distance and
length, as well as the thickness and composition of the different layers, thus creating
versatile three-dimensional (3D) magnetic systems[11]. For this purpose, nanoporous
polycarbonate or alumina membranes are used as templates in the electrodeposition
process [12, 13]. In particular, in the past years, nanoporous alumina templates (NpATs)
stood out as a popular method for the synthesis of various functional nanostructures.
The use of these templates represents many advantages. It is a cheap method and easy
to use and allows the synthesis of ordered NW arrays with precise control of diameter.
When properly prepared, the pores self-organize in hexagonal pore arrangements, which
also allows controlling the interpore distance [12].
Therefore, using a template process in the electrochemical deposition is an excellent
method to grow NWs and enables the tuning of the composition and the morphology
of multisegmented structures [14][15, 16, 17]. Segmented NWs with a magnetic/non-
magnetic mutilayered structure grown by pulsed electrodeposition have been highly
investigated in the last years: Co/Cu [18, 19, 20], Ni/Cu [21, 22, 23][24], Fe/Cu [25, 26],
CoFeB/Cu [27], CoFe/Cu [28, 29, 30], CoNi/Cu [31, 14], CoPt/Pt [32], CoFe/Au [33],
Ni/Au [34, 35], etc.. Most of these works aim the application of spin valves and
the exploration of the giant magnetoresistance effect [36][37, 38]. Understanding the
characteristics and magnetic behaviour of these 3D magnetic systems is necessary for
devices application in the future.
In this work, pulsed electrodeposition was used to grow multisegmented NWs of Fe-
CoCu/Cu inside hexagonally ordered nanoporous templates. The morphological, chem-
ical, structural and magnetic characterization of the multisegmented [FeCoCu/Cu]25
NW arrays is analysed as a function of the Cu layer thickness. This study allows us to
better understand the influence of the Cu layer in the properties of these 3D magnetic
systems aiming their application in future devices.
2. Experimental Details
Nanoporous alumina membranes were used as templates to grow multisegmented
FeCoCu/Cu NWs. NpATs were fabricated by a two-step anodization process in a
0.3 M H2SO4 electrolyte at 4◦C and a 25 V anodization potential. First and second
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anodizations lasted 18 h and 40 h, respectively, leading to hexagonally ordered arrays of
pores with interpore distances of ∼ 65 nm, pores’ diameter of ∼ 30 nm and membrane
thickness of ∼ 150 µm. Chemical etching in an aqueous solution of 0.6 M CuCl2·2H2O
and 1.2 M HCl is used to remove the remaining Al after anodization. Floating the
membranes for 15 minutes in 0.5 M H3PO4 at 40◦C removes the alumina barrier layer
at the bottom of the pores. This last process enlarges the pores’ diameter to 45± 5 nm.
Finally, a thin Au layer of around 100 nm was evaporated at one side of the template
to serve as the working electrode for the final electrodeposition of the NWs.
Electrodeposition was carried out in a three-electrode electrochemical cell with
a single electrolyte solution and a potentiostat Ecochemie Autolab PGSTAT, using
a Pt mesh as a counter electrode, an Ag/AgCl (BaSi) reference electrode and the
NpATs with the previous Au evaporated layer as a working electrode. Before the
electrodeposition of the NWs, the Au layer was thickened by electrodeposition. We
used a commercial gold-plating solution (Orosene 999) and applied a potential of
-1 V during approximately 5 min. Multisegmented FeCoCu/Cu NWs were then
grown at room temperature by pulsed electrodeposition. Sulfate-based electrolytes
were used, composed of 0.4 M H3BO3, 0.09 M CoSO4·7H2O, 0.1 M FeSO4·7H2O and
0.005 M CuSO4·5H2O. The pulsed electrodeposition method consisted on a pulse of
-1.1 V to grow the FeCoCu alloy layer followed by a pulse of an optimized potential of
-0.6 V to grow the Cu layer. In this work, multisegmented NWs formed by 25 bilayers
of [FeCoCu/Cu] were electrodeposited. The Cu layer electrodeposition time was varied
between 4 and 20 min, leading to layers of approximately 20 to 80 nm, while the FeCoCu
alloy deposition time was kept constant (at 6 s), leading to ∼ 30 nm of layer thickness.
To better compare the structural and magnetic properties of the NW arrays, a sample
without Cu segments (reference sample) was also fabricated by applying -1.1 V for
10 min.
3. Results and Discussion
3.1. Morphology and Composition
The morphology of the wires was analysed by scanning electron microscopy (SEM) using
a FEI Inspect F50 microscope. In Fig. 1(a) a SEM image of a NpAT before any process
was carried out to grow the NWs, is shown. The SEM image allowed us to verify the
hexagonal order of the NpATs. Analysing this SEM image, diameters of ∼ 45 nm and
interpore distances of ∼ 65 nm were determined. Figure 1(b) illustrates the quality
of the electrodeposition process showing an uniform distribution of different magnetic
and non-magnetic segments along the electrodeposited NWs. Total length of the NWs
was ∼ 3 µm. Moreover, closer analysis of the SEM images evidences the multilayered
structure of the NWs with uniform layer length distributions. Figures 1(c) and (d) show
the contrasting layers of different composition in the NWs. Detailed analysis of these
images allowed us to measure the thickness of each layer. The results are summarized
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in Table 1.
Figure 1. SEM images of different samples. (a) Bottom view of a NpAT
before Au was deposited, illustrating the hexagonal oredered array of pores. (b)
Template with multisegmented nanowires grown by pulse electrodeposition. Inset
shows the EDXS spectrum of a FeCoCu alloy nanowire. (c) and (d) magnified
view of the multisegmented nanowires, evidencing the different layers of FeCoCu/Cu
electrodeposited.
Table 1. Structure of the studied multisegmented nanowires: the thickness of
the CoFeCu layers is 30 nm and the final subscript indicates the number of layers
of each component; δCu is the Cu layer thickness. Magnetic characteristics of
the multisegmented nanowires: coercive field (Hc), saturation field (Hsat) and
reduced remanence (mr), measured with the magnetic field applied parallel (‖) and
perpendicular (⊥) to the nanowires’ long axis.
Sample δCu (nm) H
‖
c (Oe) H⊥c (Oe) H⊥sat (Oe) m
‖
r (%) m⊥r (%)
(A1) FeCoCu(3000 nm) 0 660 ± 4 49 ± 1 4972 ± 80 18 ± 1 6 ± 1
(A2)[FeCoCu/Cu]25 20 ± 4 430 ± 4 53 ± 1 3670 ± 25 16 ± 1 13 ± 1
(A3)[FeCoCu/Cu]25 40 ± 6 353 ± 2 100 ± 3 2495 ± 55 19 ± 1 30 ± 1
(A4)[FeCoCu/Cu]25 60 ± 10 330 ± 13 69 ± 2 2420 ± 110 11 ± 1 28 ± 1
(A5)[FeCoCu/Cu]25 80 ± 10 795 ± 30 92 ± 5 3865 ± 755 43 ± 2 25 ± 3
Chemical composition was determined using an Oxford Instruments X-Max energy-
dispersive X-ray spectrometer (EDXS). Inset in Fig. 1(b) shows the EDXS spectrum
measured in the reference sample. This analysis of FeCoCu NWs reveals a composition
of approximately 54% Fe, 43% Co and only 3% Cu. The relative Fe/Co ratio in the
alloy is close to 1:1, ratio which is interesting in terms of the magnetic properties of the
alloy (high saturation magnetization and low coercivity). In addition, the concentration
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of Cu in the ferromagnetic alloy is very low. This agrees with previous assumptions
that, when using low concentrations of Cu in the electrodeposicion solution, the amount
of Cu that incorporate to the layers when applying the FeCo activation voltage is very
small and do not significantly change the magnetic properties of FeCo alloys[21, 23].
3.2. Structural Characterization
The crystallographic structure of the FeCoCu alloy and Cu in the NWs was
investigated using grazing incidence X-ray diffraction (GIXRD) with Panalytical X-
ray diffractometers using Cu Kα radiation of λ = 1.54056 Å. Analysis of a FeCoCu
electrodeposited NW array is shown in Fig. 2. This study confirms a body centred cubic
(bcc) structure of FeCoCu alloy with a space group Pm3m. GIXRD patterns evidence
three intensity peaks illustrating no preferred crystalline texture. No Cu peaks are shown
in the XRD spectrum which agrees with EDXS analysis of only 3% concentration of Cu
in the FeCoCu NWs. It is also worth to mention that no additional peaks corresponding
to oxides are shown, nor peaks corresponding to metallic Co. GIXRD results allow
to measure the lattice constant of the bcc structure, using the Bragg’s law from the
most intense peak value, 2θ = 44.875◦. An experimental value of a = 2.8541 Å was
obtained, which is smaller than the theoretical value of the FeCo alloy bcc lattice
constant, a = 2.8552 Å. A reduction on the lattice constant by a 0.038% indicates
that the bcc structure is tensioned. Inset in Fig. 2 evidences a shift of 0.6◦ in the
intensity peaks due to the strain in the bcc system of the FeCoCu alloy. An explanation
of this tensioned structure is that the Cu atoms are replacing the Fe or Co atoms in
the alloy. Taking into account the atomic radius of the three elements, 135 pm for Cu,
140 pm for Fe and 135 pm for Co [39], we conclude that Fe atoms in the alloy are being
replaced by atoms of Cu with smaller atomic radius, straining the crystal system [40].
Therefore, from a structural point of view, Cu atoms incorporate the structure of the
FeCo alloy and the system grows as a FeCoCu Cu alloy [41, 42].
3.3. Magnetic Properties
A vibrating sample magnetometer (VSM), LakeShore Controller Model, 7304, allowed
us to study the magnetic behaviour of the samples at room temperature. Magnetic
hysteresis loops were measured using a saturation magnetic field of up to 10000 Oe.
The magnetic field was applied both parallel and perpendicular to the NWs’ long
axis. Coercivity (Hc) and reduced remanence (mr ≡ Mr/Msat, where Mr and Msat
are the remanent and saturation magnetizations, respectively) were extracted from full
hysteresis loops. Analysis of the magnetic hysteresis loops at a normalized magnetization
of 0.9 allows to estimate the value of the saturation field (Hsat). Results are summarized
in Table 1.
Figure 3 shows the magnetic hysteresis loops of selected samples (A1, A2 and A5).
The elongated shape of these structures leads to a high aspect ratio (L/d, where L is
the total length of the nanowires and d is the diameter), which causes a strong shape
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Figure 2. XRD spectrum of a Fe54Co43Cu3 nanowire array with three intensity peaks
of reflections (110), (200) and (211). Green-dashed lines indicate the peak positions
of the theoretical Fe55Co45 system. Inset shows a shift of 0.6◦ in the results. A bcc
crystal structure is also shown in the inset.
Figure 3. Magnetic hysteresis loops of samples (a) A1, (b) A2 and (c) A5, under
parallel and perpendicular applied magnetic fields. Inset shows a detail of the hysteresis
loops around zero applied field. The scheme of the morphology is also indicated.
anisotropy [31]. Therefore, all samples illustrate higher Hc values under parallel applied
field, evidencing that the magnetic easy axis is lying along the NWs’ long axis [2].
Another effect observed in Fig. 3 is the large tilt of the parallel magnetic hysteresis
loops, which indicates the presence of strong magnetostatic interactions between the
NWs in the array.
The most important results of the measured magnetic properties are illustrated in
Fig. 4. A comparative study of all samples shows a characteristic magnetic behaviour
when tuning the Cu layer thickness. Figure 4 illustrates the parallel coercivity (Hc‖)
and the perpendicular saturation field (Hsat⊥) as a function of the Cu layer length of
each sample.
Analysing the behaviour of the parallel coercivity in Fig. 4, a reduction of Hc‖ is
observed as the non-magnetic layer thickness increases. Samples A3 and A4, with 40
and 60 nm of Cu layer thickness, respectively, show the lowest values of H‖c . Introducing
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Figure 4. Coercivity values under parallel magnetic field as a function of Cu layer
thickness (red). Saturation field values under perpendicular magnetic field as a function
of Cu layer length (blue). Sample and scheme of the morphology are also indicated.
non-magnetic layers in the FeCoCu magnetic NWs generates nucleation points of new
magnetic domain walls leading to an easier magnetization reversal, which explains the
observed reduction of the Hc‖ value from A1 to A4. This behavior was previously
predicted by S. Allende et al. using Monte Carlo calculations[43].
Another contribution to the reduced value of Hc‖ is the interaction between the
FeCoCu alloy layers along the NW (intrawire interactions). Interactions between the
magnetic layers facilitate the magnetization reversal along the NW, thus reducing the
parallel coercive field. However, further increasing the Cu layer thickness (sample A5)
decreases the number of domain wall nucleation sites and reduces the interaction between
the magnetic layers, rising again the Hc‖ value. This behaviour has also been recently
observed in FeCoCu/Cu multisegmented NWs with longer magnetic segments using
first-order reversal curve measurements [30]. It is important to note that Hc‖ of sample
A5 (δCu ∼ 80 nm) takes a higher value than Hc‖ of sample A1 (δCu = 0), concluding
that the interactions between FeCoCu layers in sample A5 are very small. Under these
conditions, the system behaves as a 3-dimensional array of non-interacting ferromagnetic
Fe54Co43Cu3 disks.
Moreover, Fig. 4 shows the saturation field as a function of the Cu layer thickness,
evidencing a behaviour similar to the one observed for Hc‖. Samples A3 and A4 exhibit
again the lowest Hsat⊥ values, concluding that introducing layers of Cu in the array also
reduces the saturation field due to the nucleation points of new domain walls. When a
perpendicular field is applied, all magnetic moments tend to align with it. Due to the
small interwire distance (∼ 20 nm), the magnetic layers of the array interact between
neighboring NWs, reducing Hsat⊥. Therefore, when a perpendicular magnetic field is
applied, interwire interactions become dominant. The reduced Hsat⊥ values obtained
for samples A3 and A4, are thus due to the nucleation points of new domain walls and
mainly the interaction of magnetic layers between neighbouring NWs, which facilitate
the reversal mechanisms. Finally, in sample A5, the Cu layer thickness rises to 80 nm,
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which reduces the magnetic interaction between neighbouring FeCoCu layers, increasing
again the value of Hsat⊥.
4. Conclusions
The magnetic properties of FeCoCu alloy NWs are influenced by the presence of a non-
magnetic Cu layer. In this work, five samples of electrodeposited FeCoCu /Cu NW
arrays with varying Cu layer thickness (from 0 to 80 nm), were studied. Morphology
characterization confirmed the multilayer array of these structures with uniform layer
thickness. Structural and chemical analysis verified the bcc FeCoCu alloy crystal
structure and the segregation of Cu layers in the NW arrays. In all samples, a magnetic
easy axis parallel to the NWs’ long axis was confirmed. This work reported the changes
in Hc‖ and Hsat⊥ of multisegmented magnetic/non-magnetic NW arrays with the non-
magnetic layer thickness. Magnetic parameters are affected by the introduction of a
multilayer array that generates the nucleation points of new domain walls. By applying
a magnetic field along the NWs’ long axis, one can tune the Hc‖ values, as these are
mainly affected by the interactions between magnetic layers along the NW axis (intrawire
interactions). On the other hand, when a perpendicular field is applied, the interwire
interactions (between magnetic layers of neighbouring NWs) become dominant, and one
can tune the Hsat⊥ values by adjusting the non-magnetic layer thickness. Concluding,
changes in the electrodeposited Cu layer thickness allow one to tune the parallel and
perpendicular magnetic properties of multisegmented NW arrays as desired, without
the need to adjust the pore geometry of the template used.
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